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ABSTRACT CONCLUS I ONS AND RECOMMENDATI ONS 
Th is  r e p o r t  descr ibes the  measurement o f  d i f f u s i v e  and e l e c t r i c a l  
t ranspor t  o f  KOH and d isso lved ZnO through t h e  JPL 119 GX membrane 
bounded by concentrated KOH so lu t i on .  
p e r f  ormed : 
The f o l l o w i n g  measurements were 
a) D i f f u s i v e  t ranspor t  o f  KOH and water;  membrane bounded by 
5M and 1M KOH. 
E l e c t r i c a l  t ransference o f  K' ( o r  OH') and water;  membrane 
bounded by 5M KOH. 
b) 
c)  D i f f u s i v e  t ranspor t  o f  ZnO d isso lved i n  5M KOH. 
The mass t r a n s f e r  c o e f f i c i e n t  o f  KOH was found t o  be (6.7 2 0.3) 
cm sec-' ,  the  K+ t ranspor t  number 0.38 2 0.02. -4 x 10 
c o e f f i c i e n t  found f o r  t h e  Zn species was (6.7 2 0.2) x lom5 cm sec'l. 
The Zn mass t r a n s f e r  c o e f f i c i e n t  was determined from t h e  t o t a l  z i n c  
t rans fe r ;  no assumptions concerning the  composi t ion o f  the  ac tua l  Zn 
ions o r  complex ions present  a re  necessary. The membrane was found t o  
be s l i g h t l y  c a t i o n - s e l e c t i v e y  even w i t h  the  concentrated KOH s o l u t i o n s  
used as bounding so lu t i ons .  
The mass t r a n s f e r  
E l e c t r i c a l  t ransference experiments w i t h  KOH so lu t i ons  con ta in ing  
ZnO and bounding t h e  membrane are  i n  progress and w i l l  be descr ibed i n  a 
for thcoming progress repo r t .  
I V  
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exposed memb rane area ( cm2) 
concentrat  ion parameter def ined by E q .  (7) (sec-’9 
s o l u t e  concen t ra t i on  a t  t = o (mole cm-3) 
s o l u t e  concen t ra t i on  a t  t ime t (mole cm-3) 
concen t ra t i on  d i f f e r e n c e  between two bounding so lu t i ons ,  c ‘  - c” (mole cm-3) 
th ickness (cm) 
e l e c t r i c  c u r r e n t  (Amp) 
s o l u t e  mass t r a n s f e r  c o e f f i c i e n t  (cm sec-1) 
S S 
volume t r a n s f e r  c o e f f i c i e n t  (cm 4 mole-’ sec- l )  
molal i t y  
t o t a l  number of moles o f  so Ute i n  h a l f - c e l l  a t  t = O  
t o t a l  number o f  moles o f  so Ute i n  h a l f - c e l l  a t  t ime t 
change i n  t o t a l  number o f  moles o f  s o l u t e  i n  h a l f - c e l l  
t ime (sec) 
t ime elapsed between two sampling 
exper iment (sec) 
t r a n s p o r t  number o f  the p o s i t i v e  ion  i n  t h e  s o l u t i o n  
t r a n s p o r t  number o f  the p o s i t i v e  ion i n s i d e  the  membrane 
water t r a n s p o r t  number i ns ide  the membrane 
i n  d i f f u s i o n  
s o l u t i o n  volume a t  t = 0 (cm 3 ) 
s o l u t i o n  volume a t  t ime t (cm3) 
change i n  s o l u t i o n  volume, V - V t  (cm 3 ) 
p a r t i a l  molal volume (cm 3 mole- ’ )  
0 
Faraday‘s constant  
d i f f e rence  i n  t ime 
V 
L i s t  of Symbols (continued) 
n difference between two bounding solution, ' - " 
@ 
P density (gram cmm3) 
apparent molal volume (cm 3 mole-') 
v i  
I .  I n t roduc t i on  
The research e f f o r t  i n  the  pe r iod  covered by t h i s  r e p o r t  can be 
d i v ided  i n t o  two par ts .  
The f i r s t  p a r t  i s  the con t inua t ion  of the research program designed 
t o  t e s t  an apparatus f o r  the measurement o f  the  t ranspor t  o f  s a l t ,  ions 
and water across membranes, w i t h  d i f f e rences  i n  concentrat ion,  e l e c t r i c  
p o t e n t i a l  and pressure as d r i v i n g  forces.  The complete exper imental  
system was descr ibed i n  d e t a i l  i n  the e i g h t h  q u a r t e r l y  r e p o r t  (January 15, 
1970). A t  the moment t h i s  system i s  be ing a p p l i e d  t o  ion-exchanqe mem- 
branes i n  contac t  w i t h  NaCl so lu t i ons  o f  0.5M o r  lower, b u t  the system i s  
a l so  very s u i t a b l e  for  t h e  study o f  neu t ra l  and more porous membranes i n  
contac t  w i t h  s a l t  so lu t ions .  
The second p a r t  o f  the  research e f f o r t  was d i r e c t e d  towards the 
study o f  t ranspor t  p roper t i es  o f  membranes bounded 
I n  i t s  present  form t h e  "concentrat ion clamp" system mentioned above 
cannot be used i n  these so lu t ions .  I t  was decided t o  perform the t rans-  
p o r t  measurements i n  the  concentrated KOH s o l u t i o n s  us ing  a convent ional  
quasi-steady s t a t e  system i n  a t ranspor t  c e l l  made o f  Pyrex glass.  The 
membrane used was supp l ied  by the  J e t  Propuls ion Laboratory ( 1 1 9 G X ) .  
This membrane has a po lyethy lene base which i s  g r a f t e d  w i t h  a c r y l i c  a c i d  
and c ross - l i nked  w i t h  div inylbenzene. Membrane p o t e n t i a l  measurements 
concentrated KOH solutions. 
w i t h  d i l u t e  NaCl s o l u t i o n s  as bounding so lu t i ons  showed the  membrane t o  
be moderately c a t i o n - s e l e c t i v e  i n  a 0.1M NaCl so lu t i on .  
I n  t h i s  q u a r t e r l y  r e p o r t  we discuss the measurements w i t h  the 
J e t  Pro-pulsion Laboratory 1 1 9 G X  membrane i n  concentrated KOH so lu t i ons  
w i t h  and w i thou t  d isso lved ZnO. The progress w i t h  the "concentrat ion 
clamp!' system w i l l  be descr ibed i n  the next  r e p o r t .  
1 
I I .  Exper imenta 1 
I I e 1 Experimental Apparatus 
A t r a n s p o r t  c e l l  made o f  Pyrex g lass was assembled t o  perform 
d i f f u s i o n  and e l e c t r o m i g r a t i o n  measurements across membranes i n  con tac t  
w i t h  concentrated KOH so lu t i ons .  Pyrex g lass showed good long-term r e -  
s is tance aga ins t  concentrated KOH s o l u t i o n s  a t  ambient temperature. The 
c e l l  cons i s t s  o f  two P8320 t h i c k - w a l l  90" Pyrex elbows (Conical pipe, 
Corning Glassworks, Blacksburg, V i r g i n i a ) ,  1 "  i.d., clamped together w i t h  
the membrane holder  i n  between. The membrane holder  cons is t s  o f  two 
p la tes  o f  G - 1 1  f i be rg lass - re in fo rced  epoxy, 1/1611 t h i c k ,  (Synthane Cor- 
porat ion,  Oaks, Pennsylvania), w i t h  a 3/8" diameter ho le i n  the middle 
leav ing an a c t i v e  membrane area o f  0.73 cm . The membrane i s  clamped 
between these two p la tes ;  there i s  an O-r ing seal between each g lass 
elbow and the membrane holder.  The v e r t i c a l  p a r t  o f  the elbow i s  c losed 
2 
nhole i n  the w i t h  a rubber stopper t o  prevent evaporat 
stopper prevents pressure-bui ldup. 
I n  e l e c t r o m i g r a t i o n  experiments P t  
rubber stopper. Normally each h a l f - c e l l  
on, a l though a p 
e lec t rodes  are f 
s f i l l e d  w i t h  50 
t t e d  i n  the 
cm3 so lu t i on .  
I n  the e l e c t r o m i g r a t i o n  experiments a CK40-0.8M automat ic cross-over 
power supply (Kepco Inc., Flushing, New York) was used i n  the constant-  
cu r ren t  mode. A 10 Ohm Standard r e s i s t o r  was connected i n  s e r i e s  w i t h  
The c e l l .  The v o l t a g e  drop across t h i s  r e s i s t o r  was measured us ing  a K-5 
potent iometer (Leeds and Northrup, Nor th Wales, Pennsylvania), from which 
the c u r r e n t  could be c a l c u l a t e d  accurate ly .  
used f o r  anode and cathode. 
Blank P t  e lec t rodes  were 
I n  a l l  experiments the s o l u t i o n s  a re  s t i r r e d  w i t h  magnetic s t i r -  
r i n g  bars i ns ide  the h a l f - c e l l ,  a t  approximately 200 rpn. The s t i r r i n g  
2 
i s  probably n o t  s u f f i c i e n t  t o  complete ly  e l i m i n a t e  the mass t rans fer  r e -  
s is tance o f  the  membrane-solution boundary layer.  I t s  main purpose i s  
to  m i x  the  so lu t i ons  i n  the h a l f - c e l l s  dur ing  and d i r e c t l y  a f t e r  the  
exper iment. 
The f o l l o w i n g  t ranspor t  experiments have been c a r r i e d  o u t  i n  t h i s  
to  ,separate the  c e l l ,  us ing  the J e t  Propuls ion Laboratory 119GX membrane 
two c e l l  compartments: 
a) D i f f u s i o n  of KOH. I n i t i a l  bounding so lu t i ons  




y 4.5 and 
1.5M. The t o t a l  water t ranspor t  (osmotic f low) cou ld  a l s o  
be determined, a l though n o t  very  accurate ly .  
b) E l e c t r i c a l  t ranspor t  measurements i n  approximately 5.OM KOH 
so lu t ions .  P t  e lec t rodes  were used, t o t a l  cu r ren ts  o f  around 
150 mA were appl ied.  The t ranspor t  number of the K i o n  can 
be c a l c u l a t e d  f a i r l y  accura te ly ,  the t ranspor t  number o f  the  
water (moles o f  water t ranspor ted  per Faraday o f  charge passed 
through the membrane) i s  ob ta ined w i t h  moderate accuracy. 
+ 
i n  
on 
016M 
c) D i f f u s i o n  o f  Zn species from a s o l u t i o n  approximately 5M 
KOH + 0.1M i n  ZnO through the  membrane t o  a 5M KOH s o l u t  
con ta in ing  no ZnO. A t o t a l  Zn concent ra t ion  change o f  0 
occurred du r ing  the experiment. 
E l e c t r i c a l  t ranspor t  measurements w i t h  5M KOH + 0.1M ZnO bounding 
so lu t i ons  a re  i n  progress and w i l l  be descr ibed i n  a for thcoming progress 
r e p o r t  . 
11.2. Chemicals and A n a l y t i c a l  Determinat ions 
KOH and ZnO were "Reagent Grade" (Mal 1 i nck rod t  Chemical Works, 
3 
S t .  Louis, M issour i ) .  They were used w i thou t  f u r t h e r  p u r i f i c a t i o n .  De- 
ion ized and deaerated water was used to  make the requ i red  so lu t ions .  
The s o l u t i o n s  were kept  i n  wel l -s toppered polyethy lene b o t t l e s ,  b u t  no 
spec ia l  precaut ions were taken t o  prevent  CO -uptake dur ing  storage, 
t r a n s f e r  and experiment. 
were always redetermined s h o r t l y  be fo re  an experiment, b u t  i n  no case 
2 
OH- concentrat ions o f  the  exper imental  so lu t i ons  
d i d  we f i n d  s i g n i f i c a n t  
r e l a t i v e l y  small  amount 
t r a n s par t mea s u reme n t s . 
changes due t o  C02-uptake. 
o f  carbonate ions would n o t  i n t e r f e r e  w i t h  our  
The presence o f  a 
KOH concentrat ions were determined by t i t r a t i o n  
w i t h  standard H C l  s o l u t i o n s  us ing  pheno lph ta le in  i n d i c a t o r .  I n  KOH 
so lu t i ons  con ta in ing  ZnO the t i t r a t i o n  was ended when the s o l u t i o n  was 
co lo r less .  A Zn(OH)2 p r e c i p i t a t e  remained; the pH o f  the f i n a l  s o l u t i o n  
was found to be around 7. 
Zn(0H) remained as a p r e c i p i t a t e .  Zn concentrat ions were determined by 
f i r s t  n e u t r a l i z i n g  the s o l u t i o n  sample w i t h  1M o r  5M HC1 and subsequent 
t i t r a t i o n  w i t h  E.D.T.A. us ing  a PH 10 b u f f e r  and Eriochrome B lack  as 
i n d i c a t o r .  Accuracy o f  the  concent ra t ion  determinat ions i s  extremely 
important because o f  the  r e l a t i v e l y  smal l  concent ra t ion  changes t h a t  
have t o  be detected. 
mated a t  0.1% when no Zn i s  present i n  the s o l u t i o n  and a t  0.1 - 0.2% 
f o r  so lu t i ons  con ta in ing  ZnO. R e p e a t a b i l i t y  o f  Zn determinat ions,  us ing  
a 0.01N E.D.T.A. so lu t i on ,  was b e t t e r  than 0.2%when more than 10 m l  
E.D.T.A. was used b u t  t h i s  u n c e r t a i n t y  became p r o p o r t i o n a l l y  h igher  when 
smal ler  q u a n t i t i e s  o f  E.D.T.A. were needed. 
Thus o n l y  the  " f ree"  OH- was determined and 
2 
R e p e a t a b i l i t y  of the OH- determinat ions i s  e s t i -  
11.3 Experimental Procedure and Ca lcu la t i ons  
I n  a KOH d i f f u s i o n  experiment 50 m l  o f  s o l u t i o n  o f  known KOH 
4 
concent ra t ion  i s  p i p e t t e d  i n t o  each h a l f - c e l l ;  so lu t i ons  approximately 
5M and 1M i n  KOH were used i n  each h a l f - c e l l  r espec t i ve l y .  Transpor t  o f  
so lu te  and o f  water through the membrane i s  a l lowed t o  take p lace f o r  a 
c e r t a i n  p e r i o d  o f  time, 6 t ,  ranging from 2 t o  4 hours. Then a 2 m l  so lu -  
t i o n  sample i s  taken from each compartment and the  KOH concent ra t ion  i s  
determined. The remaining s o l u t i o n  i n  each compartment i s  t r a n s f e r r e d  
completely t o  a vo lumet r i c  f l a s k  and the . t o t a l  number of  moles o f  KOH i n  
each compartment i s  determined by t i t r a t i n g  an a l i q u o t .  The f i n a l  volume 
o f  the s o l u t i o n  i n  each compartment was then c a l c u l a t e d  from the f o l l o w -  
i ng  equat ion:  
3 V i s  the  f i n a l  s o l u t i o n  volume (cm ) ,  n the  t o t a l  number o f  moles o f  
KOH i n  the  compartment a t  the  t ime t, and C the f i n a l  KOH concentrat ion.  
t S Y t  
S Y t  
Th is  method was used because the  apparatus d i d  no t  have p rov i s ions  f o r  
accurate volume-change measurements. 
m l .  I n  a l l  experiments 6V' and SV;l 
cen t ra ted  s o l u t i o n  ( I )  and the  more d i l u t e  s o l u t i o n  (") respec t i ve l y ,  
SVt = V t  - V 
the  volume changes of the more con- 
normal ly  was 1 t o  2 
0 
t 
corresponded t o  each o the r  w i t h i n  measurement e r r o r ;  however, t h i s  
measurement e r r o r  cou ld  be apprec iab le due t o  the r e l a t i v e l y  s m a l l  d i f -  
ference between V t  and Vo, r e s u l t i n g  i n  o n l y  approximate values f o r  the 
water t r a n s f e r  c o e f f i c i e n t  Kw. The t o t a l  s o l u t e  t ranspor t ,  6n (moles) 
i s  g iven by: 
S Y t  
5 
3 where V i s  the s o l u t i o n  volume a t  t = 0 (cm ) ,  C the KOH concen t ra t i on  
0 s,o 
3 a t  t = 0 (mole/cm ) and n the f i n a l  t o t a l  number of moles o f  KOH a f t e r  
t ime t. I n  a l l  experiments the d i f f e r e n c e  between 6n '  and 6n" was w i t h i n  
s , t  
S S 
measurement e r r o r .  
I n  a d i f f u s i o n  experiment the concentrat ion d i f f e rence  between the 
s o l u t  
vary 
g i ven 
ons bounding the membrane decreases w i t h  t ime and hence 6n does 
i n e a r l y  w i t h  t. A t  any time, t, the t r a n s p o r t  o f  so lu te,  s, i s  
s , t  
by : 
dn l dn' I 
d t  d t  S 
- -  = + A -  - KS * A ( C l  - CI ' )  
and the volume t r a n s p o r t  by: 
- -  _ - - -  dV" - dV I 
d t  d t  W A ( C t S -  C l l s )  
I n  these equations denotes the more concentrated s o l u t i o n ,  I '  the more 
d i l u t e  so lu t i on .  n i s  the number o f  moles o f  s o l u t e  i n  a compartment, 
and V volume o f  the s o l u t i o n  i n  a compartment (cm ). A i s  the membrane 
S 
3 
2 3 area (cm ) ,  C the s o l u t e  concen t ra t i on  (moles/cm ) and t the t ime (sec). 
S 
- 1  K i s  the s o l u t e  t r a n s f e r  c o e f f i c i e n t  (cm sec ) and K the c o e f f i c i e n t  
desc r ib ing  the volume t r a n s p o r t  (cm mole 
S W 
4 - 1  
sec-'). Equation (2) i s  n o t  
exact, s ince the volume i s  n o t  a conserved q u a n t i t y  i n  the t r a n s p o r t  
process, due t o  the d i f f e rences  of  the p a r t i a l  molar volumes i n  the two 
s o l u t i o n s  bounding the membrane. This  d i f f e r e n c e  between AVI and AVlI i s  
not  large enough t o  be detected i n  our experiments and the use o f  Equa- 
t i o n  (2) i s  j u s t i f i e d  w i t h i n  the experimental l i m i t s  o f  e r r o r .  
6 
I n t e g r a t i o n  o f  Equat ions ( 1 )  and (2) g ives:  
The t ime dependence of (C' - C F )  can be so lved us ing  Equations ( 1 )  and 
(2). Since n = V.c, Equat ion ( 1 )  y i e l d s :  
S 
dCl dV ' - V '  - - c; dt = K 
d t  S A(C; - C') 
dc" dV' I 
d t  s d t  
+ VI '  s + C I I  - = Ks A(C: - C") 
D i v i d i n g  (5) by V ' ,  (6) by Vi', adding the  t w o  res1 l t i n g  eqi a t ions,  sub-  
dV ' _ - -  dV1' from Equat ion ( Z ) ,  and i n t e g r a t i o n  o f  the  f i n a l  
d t  s t i t u t i n g  for t - 
equat ion ob ta ined for d(C: - C:)/dt y i e l d s  the des i red  r e l a t i o n  between 
L?cs ( = C l  - C;) and t: 
w i t h  
c; C" 1 1 
I n  t h i s  d e r i v a t i o n  (p + F) and (7 + p) are  assumed t o  be independent 
7 
o f  time. This  assumption i s  j u s t i f i e d  by the  f a c t  t h a t  the  volume changes 
are  s m a l l  and t h a t  V I  2 VI'. Also  SC; s approximately equal t o  6C". I n  
our experiments t h i s  assumption i s  V a l  d w i t h i n  exper imental  e r r o r .  Using 
Equation (7) we can now solve Equations (3) and (4) t o  o b t a i n  expressions 
S 
f o r  Ks and Kw: 
Thus we see t h a t  knowledge o f  En: (o r  Sny) o n l y  i s  no t  enough t o  c a l c u l a t e  
K o r  Kw i n  a system where the  concent ra t ion  are  a l lowed t o  change con- 
s iderab ly :  bo th  6n and the  concentrat ions have t o  be measured. Accurate 
measurement o f  t he  volume chanqe dur ing  an experiment would a l s o  be su f -  
f i c i e n t ,  prov ided t h a t  the  i n i t i a l  volume i s  known accura te ly .  
S 
S 
I n  a Z n - d f f f u s i o n  experiment 50 m l  o f  an approximately 5M KOH -k 
0.1M ZnO s o l u t i o n  was p i p e t t e d  i n t o  one h a l f - c e l l  and 50 m l  o f  a 5.2M KOH 
s o l u t i o n  was p i p e t t e d  i n t o  the o ther .  Without d e f i n i n g  the Zn species 
which a re  a c t u a l l y  present (Zn02 o r  any o ther  complex ions) 
we can measure the  t o t a l  amount o f  Zn being t r a n s f e r r e d  through the  mem- 
brane and c a l c u l a t e  a Zn t r a n s f e r  c o e f f i c i e n t  KS(Zn) us ing  Equat ion ( 1 )  





experiments may be neglected because the  d i f f e r e n c e  i n  t o t a l  s o l u t e  
a c t i v i t y  between the two s o l u t i o n s  i s  small .  S o l u t i o n  samples o f  2 m l  
were taken from each compartment a t  r egu la r  i n t e r v a l s  and the Zn content  
o f  the samples was determined. Thus a p l o t  o f  1 n K  - In& v s  t 
can be made which should r e s u l t  i n  a s t r a i g h t  l i n e  through zero (Equa- 
t i o n s  7 and 8). K i s  e f f e c t i v e l y  zero. Hence K can be determined from 
the slope o f  t h i s  l i n e .  
s,o s , t  
W S 
A c o r r e c t i o n  has t o  be made f o r  the volume change o f  the s o l u t i o n s  
1 1 because o f  the sample tak ing,  
should be used as abscissa. The slope of t h i s  l i n e  y i e l d s  K A 
(See F igu re  1 ) .  
cause o f  the decreasing s o l u t i o n  volumes, which were not  taken i n t o  account 
i n  the d e r i v a t i o n .  
Instead of .t a summation o f  t (F + p) 
S 
When samples a r e  taken, Equation (9) may no t  be used be- 
I n  the e l e c t r i c a l  t ransference experiments 50 m l  o f  an approximately 
5M KOH s o l u t i o n  were p i p e t t e d  i n t o  each h a l f - c e l l .  P t  e lect rodes were 
used, r e s u l t i n g  i n  the f o l l o w i n g  o v e r a l l  t r a n s p o r t  process f o r  each Faraday 
o f  charge passed: 
I I I  
mole 02? & mole H~'T' 
- + >  - 
1 mole OH- t+ mole K 
_____j - 
& mole H20 (I-;+) mole OH- 
4 
1 mole H20 
. 
1 mole OH- 
______j 
E mole H ~ O  w 
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Thus f o r  each Faraday of  charge passed, the l e f t  s i d e  (anode) compartment 
has a ne t  loss o f  E+ moles of  KOH and (Ew - 3) moles o f  water. The r i g h t  
s i d e  (cathode) compartment has a net  g a i n  of E, moles o f  KOH and (FW - 1 )  
moles o f  water. When the  b a c k - d i f f u s i o n  e f f e c t  i s  small  ( t h i s  i s  always 
the case i n  our experiments, as i s  expla ined below), the t r a n s p o r t  number 
of the p o s i t i v e  ion, t, i n  the membrane i s  c a l c u l a t e d  from: 
- 
6n '  and 6n" should be equal. When f, i s  known, the  water t r a n s p o r t  number 
S S 
can be c a l c u l a t e d  from the volume change i n  each compartment: 
W 
sv; = - ; [ E ,  iKOH + iH20 (tw - *)] . t 
f o r  the anode compartment, and 
- 
sv; = f f [ E ,  - VKOH + (tw - 1 ) l  * t 
f o r  the cathode compartment. I i s  the t o t a l  e l e c t r i c  c u r r e n t  (Amp), ;f 
the Faraday and 
should n o t  be equal because of the volume e f f e c t  o f  the e l e c t r o d e  react ion,  
which takes away 1 mole o f  H20 from the  cathode compartment and adds 3 
mole o f  H20 t o  the anode compartment per Faraday o f  charge passed. Be- 
cause AVI and AVlI a r e  n o t  known very accu ra te l y ,  the two s ides may g i v e  
values f o r  t . ~  t h a t  d i f f e r  as much as 30%. 
'H20 
f o r  concentrated KOH s o l u t i o n s  were used t o  c a l c u l a t e  iKOH i n  these 
the p a r t i a l  mola l  volume (cm3 mole-1). SV; and SV;l 
For t h i s  reason we may use 
- 3 = 18 cm h o l e  w i t h o u t  i n t roduc ing  a s i g n i f i c a n t  e r r o r .  Densi ty data 
10 
systems, us ing  the r e l a t i o n :  
- d@ 
"KOH dm =F + @  
where m i s  the m o l a l i t y  and @ the apparent mo la l  volume.@ i s  c a l c u l a t e d  
f rom dens i t y  data: 
1000 (1 1 W @ = -  m p - p )  + p  
0 
(See e.g. G. N. Lewis, M. Randal l ,  Thermodynamics, Second Ed i t i on ,  
McGraw H i l l ,  New York 1961, p. 203-209.) 
p i s  the density o f  pure water,P the dens i ty  o f  a m mola l  s o l u t i o n  and 
W the molecular  weight o f  the so lu te .  
0 
Between 1Mand 7M KOH we found t h a t  the p a r t i a l  mola l  volume i s  
accura te ly  represented by: 
- 1 
= 6.239 mF + 2.622 
"KOH 
Deviat ions a t  1M and a t  7M KOH a re  less  than 1%, and t h i s  equat ion 
represents the  data apprec iab ly  b e t t e r  than w i t h i n  1% f o r  m o l a l i t i e s  
between 1M and 7M KOH. 
Dur ing the e l e c t r o m i g r a t i o n  experiment a concent ra t ion  d i f f e r e n c e  
i s  b u i l d i n g  up between the  two so lu t i ons  bounding the membrane. Thus back- 
d i f f u s i o n  of KOH may occur, which has the  e f f e c t  t o  lower the  measured 
t ranspor t  number of  K . O f  course t h i s  back d i f f u s i o n  e f f e c t  w i l l  be 
small  when o n l y  smal l  concent ra t ion  d i f f e rences  a re  a l lowed t o  b u i l d  up. 
+ 
1 1  
Suppose t+ i s  t o  be determined w i t h  an e r r o r  no t  exceeding 2% ( t h i s  means 
a 2% e r r o r  i n  the determinat ion o f  6n 
c e n t r a t i o n  determinat ion is as good as f 0.1% and a t  the end o f  the ex- 
) *  The accuracy o f  the OH- con- s ,  t 
periment the concen t ra t i on  d i f f e r e n c e  between the s o l u t i o n s  does not  
have t o  exceed 10% o f  the o r i g i n a l  s o l u t i o n  concentrat ion.  
1 1 
used. This  
The b a c k - d i f f u s i o n  e f f e c t  w i l l  be n e g l i g i b l e  when K A .  (F + -) A t  
S VI ' 
i s  much smal 
requ i remen t 
Ks- A * (7 -I- 1 
e r  than u n i t y ,  
s normal l y  met 
1 -) A t  i s  as 
V i '  
independent o f  t he  c u r r e n t  dens i t y  
i n  a l l  our experiments. Even when 
arge as 0.1 , ( i .e .  f o r  exper imenta times 
longer than 10 hours), us ing  the  K 
the e r r o r  i n  t, caused by b a c k - d i f f u s i o n  i s  o n l y  about 5%. 
experiments the e r r o r  caused by b a c k - d i f f u s i o n  was never l a r g e r  than 2%, 
i.e. the approximate e r r o r  due t o  the  a n a l y t i c a l  determinat ions.  
obta ined from KOH d i f f u s i o n  experiments, 
S 
I n  a l l  our 
1 1 1 .  Resul ts  and Discussion 
1 1 1 . 1  D i f f u s i o n  o f  KOH 
I n  a t y p i c a l  d i f f u s i o n  experiment us ing the 119GX membrane between 
s o l u t i o n s  o f  5.157 and 1.031 m o l e / l i t e r  KOH the f o l l o w i n g  r e s u l t s  were 
obtained. Concentrat ions, c y  a r e  i n  r n o l e s / l i t e r .  A t  = 14.4 x 10 sec, 4 hr ,  
exposed membrane area, A =  0.73 cm 
3 
2 
Compartment con ta in inq  concentrated s o l u t i o n  ( I )  
C 1  = 5.157 f 0.005 V d  = 49.87 f 0.05 m l  + n '  = 257.2 f 0.5 mmole 
= 232.1 i 0.3 mmole 
SYO S Y O  
= 4.639 f 0.008 +- V i  = 50.03 f 0.15 m l  C n '  
cs,  t s , t  
SV; + 0.16 .f- 0.20 m l  En' = - 25.1 f 0.8 mmole 
5, t 
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Compartment con ta in inq  d i l u t e  s o l u t i o n  ( ' I )  
C I l  = 1.031 f 0.001 V: = 49.87 f 0.05 m l  n" = 51.42 f 0.10 mmole 
C"  = 1.559 -L- 0.002 3 Vi[  = 49.53 f 0.12 m l  C nr l  = 77.21 f 0.12 m o l e  
= + 25.8 f 0.2 mmole 
s,o 5 9 0  
s, t t s, t 
0.34 f 0.17 m l  6n" 6V;l = - s , t  
It i s  seen t h a t  the mass balance requ i red  fo r  the KOH t ranspor t  
(En: = - 6n") was s a t i s f i e d  w i t h i n  exper imental  e r r o r .  
the volume f low,  a l though w i t h i n  exper imental  e r r o r ,  i s  no t  good enough 
t o  a l l o w  any th ing  more than an order  o f  magnitude c a l c u l a t i o n  o f  K 
If we use the  average of 6n'  and 6n:, n 
t h e  l i m i t  o f  e r r o r  i n  t h e  es t imate  o f  the  membrane area, A, t o  be 2%, we f ind :  
The agreement f o r  
S 
W' 
= 25.5 f 0.4 mmole and assume 
S S 
= (6.7 f 0.3) x 10 -4 cm sec - 1  
KS 
For K we f i n d  the approximate value: 
W 
K~ = (7 2 3) x cm4 mole- '  sec -1  
Accurate measurements o f  K would requ i re  a volume-measurement technique 
ra the r  than the c a l c u l a t i o n  o f  the f i n a l  volume from the sample concen- 
t r a t i o n  and t o t a l  amount o f  KOH, used here. I t should be noted t h a t  the  
mass t r a n s f e r  c o e f f i c i e n t s  K and K a r e  dependent on the  concentrat ion.  
The dependence i s  be l i eved  t o  be s u f f i c i e n t l y  smal l  t o  be n e g l i g i b l e  i n  
p r a c t i c a l  b a t t e r y  separator  work. Eva lua t ion  o f  t h i s  concent ra t ion  de- 
pendence would r e q u i r e  a la rge  number o f  d i f f u s i o n  measurements us ing  
W 
S W 
small  concent ra t ion  gradients .  
average values i n  the concent ra t ion  reg ion  1M - 5M KOH. 
The values measured by us may be considered 
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I t  i s  o f  i n t e r e s t  t o  compare the  mass t r a n s f e r  c o e f f i c i e n t  o f  KOH 
through the  l l 9 G X  membrane w i t h  the  va lue c a l c u l a t e d  f o r  the  case o f  
f r e e  d i f f u s i o n  through a s o l u t i o n  l aye r  o f  t he  same thickness. Unfor tu -  
na te l y  no d i f f u s i o n  data f o r  KOH cou ld  be found i n  a l i m i t e d  l i t e r a t u r e  
search. However, the v a r i a t i o n  i n  the  d i f f u s i o n  c o e f f i c i e n t s  o f  the 
potassium ha l i des  i n  aqueous s o l u t i o n s  o f  2-5 m o l e s / l i t e r  i s  known t o  be 
less than 25% (R. A. Robinson, R. H. Stokes, E l e c t r o l y t e  So lu t ions ,  
But terwor ths,  London 1959, p. 515) va ry ing  s l i g h t l y  between 2 and 2.5 x 10 
cm sec . i f  we assume a KOH d i f f u s i o n  c o e f f i c i e n t  i n  3M s o l u t i o n  o f  
-5 
2 - 1  
2 - 1  
2.5 x l om5 cm sec ,;? the  corresponding mass t rans fer  c o e f f i c i e n t  through 
-5 - 1  
a s o l u t i o n  layer  o f  th ickness d would be 2.5 x 10 /d cm sec e We have 
no exact  data f o r  t he  th ickness o f  the  swol len 119GX membrane, b u t  d i s  
probably less  than cm. I f  we assume d = 10 cm, Ks ( so lu t i on )  would 
be 2.5 x 
l l 9 G X  membrane. This  r a t i o  should be approximately the same f o r  the  
-2 
- 1  cm sec , o r  about 4 times the  va lue  found by us f o r  the 
e l e c t r i c a l  conductance o f  the membrane and a s o l u t i o n  layer  o f  the  same 
thickness. ( I n  t h i s  c a l c u l a t i o n  the  i n f l uence  o f  t he  u n s t i r r e d  boundary 
layer  nex t  t o  the membrane i s  ignored. I f  the increased res i s tance  o f  
t h i s  boundary l aye r  were taken i n t o  account, the r e s u l t i n g  r a t i o  between 
the membrane t r a n s f e r  c o e f f i c i e n t  and the  s o l u t i o n  t r a n s f e r  c o e f f i c i e n t  
would be less  than 4. We do no t  b e l i e v e  t h a t  the  e f f e c t  is l a rge  i n  the  
concentrated s o l u t i o n s  examined here, however.) 
I 1  I .2  E l e c t r i c a l  Transference Experiments 
Four e l e c t r i c a l  t ransference experiments were made t o  determine the  
t ranspor t  number o f  the pos - i t i ve  i on  and the water t ranspor t  number when 
:?This es t imate  was made because p r i m a r i l y  the less  mobi le  ion  ( i n  t h i s  case 
probably K+) determines the  magnitude o f  t he  d i f f u s i o n  c o e f f i c i e n t .  
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an electric current is passed through the 119GX membrane bounded by ap- 
proximately 5M KOH solutions. 
ments were in very reasonable agreement. The accuracy in tw is less, but 
the deviations between the last three experiments are within the expected 
The results for t+ from the four experi- 
limits of error. In the first exploratory experiment no reliable result 
for the volume'flow was obtained. The experimental data for a typical 
electromigration experiment are given below. Concentrations are given in 
moles per liter of solution. 
Run number 5 
6t = 2.10 x 10 sec I = 150.6 2 0.1 mA 2 A = 0.73 2 0.01 cm 4 
Anode compartment ( I )  
C' = 5.157 f 0.005 V i  = 50.00 f 0.05 ml + n' = 257.8 f 0.5 mmole 
SYO s 9 0  
C' = 5.003 10.010 + V; = 49.10 f 0.15 ml t n' = 245.7 f 0.3 mmole 
SYt SYt 
SV; = - 0.90 t- 0.20 ml 6n' = - 12.1 1 0.8 mmole 
SYt 
Cathode compartment ( [ I )  
= 257.8 f 0.5 mmole C I '  = 5.157 -I: 0.005 
C" = 5.355 f 0.010 + V;' = 50.50 f 0.15 ml t- nrr = 270.4 f 0.3 mmole 
VI1 = 50.00 10.05 ml +- nII 
0 s 9 0  SYO 
s,t SYt 
t s , t  
6 V "  = + 0.50 f 0.20 ml En" = + 12.6 f 0.8 mmole 
The agreement between 6n' and 6n" is well within the limits of error. 
From the average value we obtain for the transport number of the potassium 
ion: 
- 
t+ = 0.377 f 0.009 
Using Equations ( 1 1 )  and (12) t o  c a l c u l a t e  t h e  water t ranspor t  number iw, 
we f i n d :  
- = + 1.7 0.3 
from 6 V ' :  tw 
from 6V": tw . = + 1.5 f 0.6 
bounded by a 5M KOH so 
- 
i s :  tK+ = 0.38 3. 0.02. 
p o r t  number o f  K i n  d 
+ 
The agreement between these values i s  a l s o  w e l l  w i t h i n  the maximum l i m i t s  
o f  e r r o r .  I t  should be noted t h a t  t he  agreement between the  two water 
t ranspor t  numbers i s  b e t t e r  than the  agreement between 8 V '  and 6V", because 
o f  the d i f f e r e n t  volume c o r r e c t i o n  f o r  the  electrode r e a c t i o n  i n  the  two 
corn pa r tmen t s . 
- 
I n  the  th ree  o the r  experiments the f o l l o w i n g  values f o r  t+ were 
ob ta ined ( a l l  values a re  c a l c u l a t e d  from the averages of  the data f o r  the 
anode and f o r  the  cathode compartment): 0.39 f 0.07 ( f i r s t  exp lo ra to ry  
experiment), 0.40 f 0.02, 0.37 f 0.01, 
+ 
The average va lue  o f  t he  K t r anspor t  number i n  the  llgGX membrane 
u t i o n ,  c a l c u l a t e d  from these fou r  experiments, 
From l i m i t i n g  equ iva len t  conductances the  t rans-  
l u t e  aqueous s o l u t i o n s  i s  found t o  be 0.27. I n  
+ 
more concentrated s o l u t i o n s  we would expect the  t r a n s p o r t  number o f  K 
be s l ' i g h t l y  lower. Since i + was found t o  be s i g n i f i c a n t l y  h igher  than 
the l a t t e r  value, the  119GX membrane has a p r e f e r e n t i a l  s e l e c t i v i t y  f o r  
K 
al though n o t  a very pronounced one. 
t o  
K 
+ 
ions over OH- ions when i n  contac t  w i t h  concentrated KOH so lu t i ons ,  
I n  a t o t a l  o f  t h ree  experiments, we found f o r  the water t ranspor t  
number f : + 1.8 -i 0.3, + 1.6 + 0.3 ( t h e  experiment descr ibed above) and 
+ 1.7 f 0.2. The p o s i t i v e  s i g n  means the ne t  water t ranspor t  i s  i n  the  
W 
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higher 




on of the positive current, i.e. with the K ions, in spite of the 
transport number of OH-. The average of these three values, 
1.7 f 0.2, is probably fairly well established, More accurate 
es for tw could be obtained if volume changes were recorded rather 
than calculating the final volume from the sample concentration and the 
total amount of KOH present, but the gas evolution at the electrodes 
would present some serious problems in the measurement of volume changes. 
111.3 Zn Diffusion 
The diffusion o f  ZnO dissolved in approximately 5M KOH solution 
through a JPL ll9GX membrane was measured by taking samples from the 
two compartments at regular time intervals and determining the Zn concen- 
tration. 
presented in Section 1 1 .  in the actual experiment, one compartment ( I )  
was filled with 50.00 ml of a (4.970 1 0.005) M KOH + (0.1009 k 0.0001) 
M ZnO solution; the other compartment ( ' I )  was filled with 50.00 ml of a 
5.157 -t 0.005 M KOH solution. Five 2.000 f 0.002 ml samples were taken 
at regular intervals and the Zn concentrations determined. 
experiment lasted approximately 51 hours. The final Zn concentrations 
were 0.084 
at the low concentration side. The final OH- concentrations in the two 
compartmen-s were equal (5.059 2 0.005(') and 5.057 2 0.005 M(") respec- 
tively) indicating that the KOH diffusion is much faster than the diffusion 
of the Zn species. The Zn mass balance was verified within f 0.1%: 
€inZ; = - 0.757 mole, 
by adding the number of mmoles of Zn in the samples to the total amount 
of Zn present in the final solution. For the KOH transport the figures 
The way in which KS (Zn) can be calculated from these data was 
The total 
I- 0.0001 M at the high concentration side and 0.0164 f 0.0001 M 
= -t 0.758 mmole. These figures were obtained 6 n ~  n 
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' = 8.8 mmole, 6n I i  = - 6.1 mmole. were: 8nOH 
s a t i s f a c t o r y ,  t a k i n g  i n t o  account t h a t  approximately 250 mmoles KOH a r e  
This  agreement i s  a l s o  very OH 
present i n  each compartment. 
1 1 vs. t he  sum o f  B t ( 7  + F) f o r  A graph showing 1nLCZnyo - lnXZn,t  
the d i f f e r e n t  t ime i n t e r v a l s  i s  shown i n  F igu re  1. t i s  the t o t a l  t ime 
elapsed, i .e.  the sum o f  the t imes 6 t  i n  between two sample po in ts .  The 
term (7 + 7) i s  necessary t o  c o r r e c t  f o r  t he  decrease i n  s o l u t i o n  
volume each t ime a s o l u t i o n  sample i s  taken. 6 t  i s  the t ime elapsed be- 
1 1 
tween two sample p o i n t s  and V '  and VIi  t he  volumes dur ing t h a t  t ime i n t e r -  
Val. The summation i s  over 6 t * ( F + - - )  dur ing the f i v e  i n t e r v a l s .  1 1 V' I 
From the s lope o f  F igu re  1 we o b t a i n  t h e  mass t r a n s f e r  c o e f f i c i e n t  o f  the 
d isso lved Zn species us ing  the r e l a t i o n :  
The r e s u l t  i s :  
- I  K (Zn) = (6.7 f 0.2) x l oB5  cm sec 
S 
This  mass t r a n s f e r  c o e f f i c i e n t  i s  about ten t imes smal ler  than the co- 
e f f i c i e n t  ob ta ined  f o r  KOH d i f f u s i o n ,  No data f o r  the d i f f u s i o n  o f  Zn 
species i n  f r e e  KOH s o l u t i o n s  a r e  a v a i l a b l e .  These data would be o f  i n t e r -  
e s t  t o  determine whether the  membrane p lays an a c t i v e  r o l e  i n  prevent ing 
the Zn species t o  d i f f u s e  from one e l e c t r o d e  compartment t o  the o the r ,  
Le. i f  the membrane has t r a n s p o r t  s p e c i f i c i t y  f o r  KOH compared t o  the Zn 
species. E l e c t r i c a l  t ransference experiments a re  now underway t o  p r e d i c t  












Figure 1 .  D i f f u s i o n  of Zn across JPL 119GX membrane: logarithm o f  the 
concentration d i f f e r e n c e  vs. time, 6 t ,  corrected f o r  volume changes o f  
the c e l l  solut ion.  
o r  d ischarg ing  of a b a t t e r y  r e l a t i v e  t o  the  d i f f u s i v e  t r a n s p o r t  of t h e  
z i n c  species.  
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